To examine changes that occur during the transition from an initiation complex (IC) to an elongation complex (EC) in T7 RNA polymerase (RNAP), we used nucleic acid-protein cross-linking methods to probe interactions of the RNAP with RNA and DNA in a halted EC. As the RNA is displaced from the RNA-DNA hybrid ϳ9 bp upstream from the active site (at ؊9) it interacts with a region within the specificity loop (residues 744 -750) and is directed toward a positively charged surface that surrounds residues Lys-302 and Lys-303. Surprisingly, the template and non-template strands of the DNA at the upstream edge of the hybrid (near the site where the RNA is displaced) interact with a region in the N-terminal domain of the RNAP (residues 172-191) that is far away from the specificity loop before isomerization (in the IC). To bring these two regions of the RNAP into proximity, major conformational changes must occur during the transition from an IC to an EC. The observed nucleic acid-protein interactions help to explain the behavior of a number of mutant RNAPs that are affected at various stages in the initiation process and in termination.
Like all RNA polymerases (RNAPs), 1 T7 RNAP forms an unstable initiation complex (IC) that synthesizes and releases short abortive products before clearing the promoter and forming a stable elongation complex (EC) (Ref. 1; for review, see Ref.
2). The transition is accompanied by release of promoter contacts, changes in the size of the footprint of the polymerase on the DNA, and changes in accessibility to cleavage by a variety of proteases (3) (4) (5) (6) . Taken together, these changes indicate that significant alterations in the organization of the complex (and possibly in the structure of the RNAP) occur during the transition.
Kinetic and biochemical analysis, the behavior of certain mutant RNAPs, and the effects of changes in template topology on abortive transcript synthesis suggest that there may be as many as three phases during the transition, one involving complexes that have extended ϳ3-5 nt, another from ϳ6 to 8 nt, and a final phase from ϳ9 to 14 nt (5, (7) (8) (9) (10) (11) (12) . During the early stages (up to 8 nt) contacts between the upstream binding region of the promoter and the RNAP are maintained, whereas the active site moves downstream (3) (4) (5) 13) . Promoter clearance occurs when the RNA-DNA hybrid achieves a length of 8 -9 bp (5, 12, 14) , but the length of the hybrid continues to increase to 10 bp before the transcription bubble collapses to yield a hybrid length of ϳ8 bp, as is observed in the EC (12) . UV laser cross-linking experiments indicate that there may be multiple stages during promoter release, because contacts at Ϫ5 and Ϫ8 are lost before the contact at Ϫ17 (4). In the EC, the RNA-DNA hybrid is ϳ8 bp and is enclosed in a transcription bubble of ϳ9 bp (14 -16) . The upstream border of the bubble is very close (within 1 bp) to the point at which the RNA is displaced from the template, and the downstream border is very close (within 1 bp) to the 3Ј end of the RNA (16) . As the RNA is displaced from the hybrid at Ϫ9 it becomes associated with a region of the RNAP (the specificity loop) that is involved in promoter recognition. An additional 4 -6 nt at the 5Ј end of the RNA remains protected from ribonuclease cleavage, presumably because of interactions with the RNAP (14, 15) .
Crystal structures have now been solved for free RNAP, for RNAP complexed with a specific inhibitor of transcription (T7 lysozyme), for a binary promoter-RNAP complex, and for an IC that has transcribed the first three bases in the template strand (13, (17) (18) (19) . However, no structure has yet been published for an EC or for intermediate complexes that may form during the transition from an IC to an EC. Here, we have probed the organization of the T7 RNAP EC through the use of nucleic acid-protein cross-linking methods. The results are not easily reconciled with previously known structures of the enzyme and indicate that major structural rearrangements involving the N-terminal domain occur during the transition to an EC.
EXPERIMENTAL PROCEDURES
RNA Polymerase and Templates-The mutant RNAPs HA-171 (K172G (20) ), C723S/I743C, and N289D (15) have been previously described. The mutant RNAPs N588D, C125S, C216S, HA-191(L191N, S192G, N289D, N588D), and HA-224 (T224N, N289D, N588D) were constructed as previously described (21) ; all enzymes exhibited normal activity in vitro, as assessed by specific activity and synthesis of a normal pattern of abortive initiation products and full-length runoff transcripts. Methods to advance His 6 -tagged T7 RNAP along the template in a controlled manner and to introduce 4-thio-UMP into the transcript at defined positions have been described (15, 22) . Templates containing 4-thio-dTMP were constructed by annealing together tem-plate (T) and non-template (NT) strand oligomers and extension by DNA polymerase I (Klenow fragment; New England Biolabs) under standard conditions (23) as described in Fig. 1 and Table I . After extension, the duplex templates were purified using a QIAquick nucleotide removal kit (Qiagen). Oligonucleotides were ordered from Macromolecular Resources. 4-Thio-UTP and 4-thio-dTTP were purchased from Trilink Biotechnologies.
Peptide Mapping-Formation of halted complexes and activation of the cross-link by UV irradiation were carried out as previously described (22) and as shown in Fig. 1 . In the experiments shown in Figs. 1 and 4, UV irradiation was carried out, while the complexes were immobilized on the Ni 2ϩ -agarose beads. For the experiments shown in Figs. 2, and 3, elongation complexes were formed in solution under the following conditions. For cross-links involving NT-7 and NT-8, the T and NT strand DNA oligomers used to construct the modified templates were MK44/MK47. To form the NT-8 cross-link the complexes were extended in the presence of GTP, ATP and UTP; for the NT-9 cross-link, complexes were extended in the presence of GTP, ATP, UTP, and 3Ј-dCTP. For cross-links involving NT-9 and NT-10, the T and NT strand DNA oligomers were MK44/MK41; complexes were extended with GTP, ATP, UTP (NT-9) or GTP, ATP, UTP, and 3Ј-dCTP (NT-10). For the T-9 cross-link, the T and NT stand oligomers were MK27/MK21, and extension was carried out in the presence of GTP, ATP, UTP, and 3Ј-dCTP. Where indicated, DNA-protein samples were treated with DNase (50 units of DNase I and 25 units of micrococcal nuclease (Roche Molecular Biochemicals, U. S. Biochemical Corp., respectively) per 35-l reaction; 2 h at 37°C) before protein digestion. Cleavage with HA, 2-nitro-5-thiocyano-benzoic acid (NTCB), CNBr, and N-chlorosuccinimide (NCS) were carried out as previously described (Ref. 22 and references therein). Cleavage with OmpT was carried out as described by Grodberg and Dunn (24) ; N-terminal sequence analysis of the peptides generated by OmpT cleavage of a T7 RNAP EC demonstrates that the same sites are cleaved in the EC as in the free enzyme (data not shown). Cleavage with GluC (Roche Molecular Biochemicals) was carried out in Tris-HCl, pH 7.9, 1 M urea, 1 g of GluC/20 g of RNAP for 1 h (partial digestion) or 15 h (exhaustive digestion). Resolution and identification of the labeled cleavage products was carried out as previously described (22) and as indicated in the figure legends. To map the GluC-generated peptide shown in Fig. 4 , the cross-linked protein was exhaustively digested with GluC, and the fragment was purified by chromatography on a Q-Sepharose column (Amersham Biosciences). The peptide was immobilized on a Prosorb membrane filter, washed, and subjected to protein sequence analysis by Edman degradation at the SUNY Protein Sequencing Facility.
Structural Analysis-Visualization and modeling of T7 RNAP complexes were carried out using Web Lab Viewer Pro (MSI). To model the RNA-DNA heteroduplex from the yeast polymerase II complex (Protein Data Bank code 1I6H) (25) into the T7 RNAP IC (Protein Data Bank code 1QLN) (13)) the following atoms were superimposed. For the nucleotide in the I-1 site, T7 G3 position N9 with yeast C8 position N1; for the nucleotide in the I-2 site, T7 G2 positions C6, N7, N9 with yeast G7 positions C6, N7, and N9. Homology modeling of the T7 RNAP IC with the TaqDNAP open and closed complexes (2KTQ and 3KTQ, respectively (26)) was carried out by superimposing the ␣ carbons of the following residues: Asp-537, Ser-539, His-811, Asp-812 in T7 RNAP with residues Asp-610, Ser-612, His-784, and Asp-785 in TaqDNAP. These residues are all within or near the active site and are highly conserved among both types of enzyme.
RESULTS

Cross-linking of T7 RNAP to DNA in Halted Elongation
Complexes-To probe contacts between the RNAP and the DNA in the EC we utilized the photoreactive nucleotide analog 4-thio-dTTP, which reacts with protein residues that are in close proximity to the base (27) . Duplex DNA templates in which the analog was positioned 17 nt downstream from the start site in a T7 promoter (ϩ1) were constructed by extension of a T strand primer that had been annealed to a full-length NT stand (Fig. 1A) . To place the analog at various locations in the EC, transcription complexes formed with His 6 -tagged T7 RNAP were halted at ϩ24 (EC24), immobilized on Ni 2ϩ -agarose beads, and advanced incrementally to ϩ25 through ϩ28 by the addition of appropriate substrates. In such complexes the analog is located 8 -12 nt upstream from the 3Ј end of the RNA (positions Ϫ8 through Ϫ12). The presence of the analog in the 
Synthetic template oligomers
Templates used to probe contacts in the T or NT strands of the DNA or in the RNA (R) were constructed using the synthetic oligomers indicated. T strand had no effect upon transcription, and quantitative extension was observed at each step (Fig. 1B) . To examine the reactivity of the analog with the RNAP at each of these positions, cross-links were initiated by exposure to UV light, and the complexes were analyzed by gel electrophoresis under denaturing conditions (Fig. 1C) . The most efficient cross-linking was observed when the analog was positioned 9 and 10 nt upstream from the 3Ј end of the RNA. Cross-linking was observed only in the presence of the analog and required UV irradiation and the addition of substrate ribonucleotides sufficient to form stable elongation complexes (data not shown).
Using the same approach but with different templates, we examined the reactivity of nucleotides at other positions in the T strand as well as in the NT strand. The highest efficiency of cross-linking to the NT strand was observed when the analog was positioned from Ϫ5 to Ϫ9 and on the T strand at Ϫ9 and Ϫ10 (Fig. 1D) .
Mapping of DNA Cross-links-To determine the position of the cross-links in the RNAP, we applied conventional peptide mapping methods in concert with the use of mutant RNAPs in which cleavage sites had been introduced or eliminated at specific locations, as previously described (15) . The use of this approach to map the cross-link in the T strand at position Ϫ9 (the T-9 cross-link) is shown in Fig. 2 .
Hydroxylamine (HA) cleaves wild type (WT) T7 RNAP between the NG pairs at positions 289 and 588, thereby generating ϳ32-kDa fragments from the N-and C-terminal regions as well as two partial digestion products of ϳ 68 kDa. Peptide fragments of both these sizes were labeled by the T-9 cross-link ( Fig. 2A) . To discriminate whether it was the C-terminal or the Experiments similar to those described in panels A-C above were carried out with other templates that allow positioning of the photoreactive analog at defined locations in both the T and NT strands (see Table I ). The efficiency of cross-linking at each position (the percent of labeled DNA that is incorporated into the cross-linked complex relative to the maximum observed for each strand (14% for the T strand, 60% for the NT strand)) is presented as a function of the distance from the 3Ј end of the RNA. sT, 4-thio-dTMP.
N-terminal 32-kDa fragment that was illuminated by the crosslink, we utilized mutant RNAPs in which the N-terminal cleavage site was eliminated by substitution of N289 with Asp (N289D) or the cleavage site at 588 was eliminated by an N588D substitution. Cleavage of the cross-linked mutant RNAPs with HA revealed that the T-9 cross-link lies within the interval comprising residues 1-289.
Digestion with NTCB, which cleaves at Cys residues, indicated that the cross-link involves the interval from Cys-125 to Cys-216 (Fig. 2B ). This was confirmed by the use of mutant RNAPs in which these sites are eliminated (C125S and C216S), resulting in the disappearance of the corresponding bands. To localize further the site of the cross-link, the labeled NTCB fragment comprising this interval in the WT enzyme was eluted from the gel and digested with NCS, which cleaves after Trp, resulting in the appearance of a peptide that corresponds to the interval from Cys-125 to Trp-201 or Trp-204 (Fig. 2C ).
Grodberg and Dunn (24) demonstrated that the major outer membrane protease of Escherichia coli, OmpT, cleaves unliganded T7 RNAP at residues 172 and 179, generating N-and C-terminal fragments of ϳ20 and ϳ80 kDa (24) . Cleavage of T-9 complexes with OmpT resulted in the appearance of labeled bands corresponding to both of these fragments (Fig. 2D) . This result could be obtained if there were more than one cross-link site, one N-terminal to 172 and one C-terminal to 180. Alternatively, labeling of these two fragments could result from a cross-link(s) in the interval between these two sites; in this case partial digestion with OmpT would result in labeling of the 80-kDa fragment as a result of cleavage at 172 and labeling of the 20-kDa fragment as a result of cleavage at 179. To examine this, we utilized a mutant RNAP in which we introduced a new HA site at position 171 (HA-171) and another mutant RNAP in which the two naturally occurring NG pairs at 289 and 588 were eliminated and a new NG pair was introduced at position 191 (HA-191) (Fig. 2E) . HA cleavage of these RNAPs unequivocally demonstrates that the T-9 cross-link is between residues 172 and 191 (and based upon the OmpT pattern noted above, is likely to lie within the interval comprising residues 173-179). Using the same panel of mutant RNAPs, we determined that cross-linking of the nucleotides in the NT strand from positions Ϫ7 to Ϫ10 also involves the region between residues 172-191.
Mapping of the RNA Cross-link at Ϫ1-In earlier work, Shen and Kang (28) mapped the cross-link of the RNA nucleotide at position Ϫ1 (i.e. the nucleotide at the 3Ј end of the transcript) to a 31-amino acid interval from Thr-636 to Met-666. To map the position of this nucleotide more precisely, cross-linked complexes in which the photoreactive nucleotide analog 4-thio-UMP (sU) was incorporated into the transcript at the 3Ј end of the RNA (R-1 complexes) were exhaustively digested with GluC, and the resulting peptides were resolved by chromatography (Fig. 3) . A single labeled peptide of ϳ10 kDa (4-kDa protein plus 6-kDa RNA) that extends from Lys-609 to Glu-643 was identified by amino acid sequence analysis. Cleavage of this peptide with NCS and cyanogen bromide (CNBr) localized the cross-link to the eight-amino acid interval from Thr-636 to Glu-643. Within this interval, only 1 amino acid residue (Tyr-639) is universally conserved among all T7-like RNA polymerases (29, 30) .
Mapping of the RNA Cross-links at Ϫ14 -In a previous study, we determined that as the transcript is displaced from the RNA-DNA hybrid at position Ϫ9 it becomes associated with a segment of the specificity loop comprising residues 744 -750 and is then directed toward a region of the RNAP that lies further upstream (15) . To examine the trajectory of the RNA in more detail, we characterized complexes in which sU was incorporated into the transcript 14-nt upstream from the 3Ј end of the RNA (R-14 complexes); for comparison, we also included R-9 complexes in this analysis (Fig. 4) .
HA cleavage of R-9 complexes formed with the mutant RNAP N289D resulted in the appearance of a labeled fragment corresponding to the interval from residues 589 to 883, as expected from previous work (15) (Fig. 4A) . In contrast, HA cleavage of R-14 complexes resulted in the labeling of the C-terminal 589 -883 fragment as well as the interval from 290 to 588, indicating the presence of at least two sites of cross-linking in this complex. Consistent with this, NTCB cleavage of R-14 complexes formed with the WT enzyme (Fig. 4B ) gave rise to two sets of labeled peptides. The first set, which is more intensely labeled, is identical to the pattern observed for the R-9 cross-link and indicates that one of the R-14 cross-links involves the interval between residues 723 and 839. The other, more weakly labeled set of peptides, corresponds to the interval between residues 271-347.
To confirm the assignment of the N-terminal site, R-14 complexes were immobilized on Ni 2ϩ -agarose beads via the His 6 tag at the N terminus of the RNAP and digested with GluC. The beads were then washed with 7 M guanidine to remove fragments that lack the His 6 tag. Analysis of the remaining fragments revealed a nested set of labeled N-terminal fragments, the smallest of which corresponds to the interval from 1 to 309/315 (Fig. 4C) . The absence of labeled bands corresponding to peptides smaller than 1-252 indicates that the N-terminal R-14 site lies between residues 253 and 309/315. Together with the NTCB and HA cleavage results above, this localizes the N-terminal R-14 site to residues 290 -315.
To characterize cross-linking in the C-terminal region, R-14 complexes were digested with CNBr under single hit conditions (Fig. 4D) . The resulting pattern of labeled peptides corresponds to a nested set of C-terminal fragments, the smallest of which corresponds to the interval from 751 to 883. The lack of a labeled band corresponding to the interval from 833 to 883 indicates that at least one R-14 site in this region lies between 751 and 833. Further analysis of the C-terminal region involved NTCB cleavage of the mutant RNAP C723S/I743C, in which the NTCB cleavage site at 723 was eliminated and a new site was introduced at position 743 (Fig. 4B, right panel) . Here, it is seen that the two bands corresponding to the intervals from 724 to 883 and 724 to 839 that are observed in the WT cleavage pattern are replaced by two faster migrating bands that correspond to the intervals from 744 to 883 and 744 to 839 as well as a more slowly migrating band that corresponds to the interval from 467 to 743. Together, these data indicate that the R-14 cross-link in the C-terminal domain involves two regions, one from 724 to 743 and the other from 751 to 833. This conclusion is supported by the use of other mutant RNAPs that exclude the interval from 744 to 750 (not shown).
When mapped onto the structure of the T7 RNAP IC, the regions involved in the R-14 cross-link merge to define a positively charged surface centered around Lys-302 and Lys-303 (Fig. 5) . This region contains a number of highly conserved residues, and it has been found that substitution of one of these residues (R298A) results in an enzyme that is blocked in the   FIG. 4 . Mapping of RNA cross-links at ؊14. Complexes in which sU was positioned at Ϫ9 were formed by transcription of the template indicated in the presence of GTP, [␣-32 P]ATP, sU, and 3Ј-dCTP, which allows extension of the transcript to ϩ16 (EC16). To position the analog at Ϫ14, startup complexes halted at ϩ15 were formed by incubation with GTP, ATP, and sU; the complexes were immobilized on Ni 2ϩ -agarose beads, and the polymerase was then advanced to ϩ21 (EC21) by the addition of CTP, [␣-32 P]UTP, and GTP. Panel A, R-9 and R-14 complexes formed with WT and mutant RNAPs were digested with HA and resolved by electrophoresis in MOPS buffer. In the mutant RNAP HA-224, the two NG pairs found in the WT enzyme were eliminated, and a new HA site was introduced at position 224. Panel B, R-9 and R-14 complexes formed with WT enzyme or with the mutant RNAP C723S/I743C (as indicated) were digested with NTCB, and the products were resolved in a MES buffer system. The positions of peptides arising from cleavage at a cluster of NTCB sites from 467 to 540 are indicated by 467/540. Panel C, R-14 complexes were immobilized on Ni 2ϩ -agarose beads and partially digested with GluC (lanes 2 and 3) or left untreated (lane 1). Where indicated (lane 3) the beads were washed with 7 M guanidine after digestion to remove fragments that lack the N-terminal His 6 tag. The remaining peptides were eluted from the beads with 0.1% SDS and resolved by electrophoresis in 4 -12% Nu-PAGE gels in a MOPS buffer system. The pattern of labeled bands observed corresponds to a nested set of N-terminal fragments that extend to the GluC cleavage sites indicated. The expected position for a peptide comprising residues 1-252 (not observed) is indicated in parentheses. The absence of this band in the pattern indicates that the cross-link involves the region from 252-309 (shaded). The band marked with an asterisk comigrates with a strongly labeled peptide that is observed in the total digest and represents a C-terminal cleavage product with high nonspecific affinity to the Ni 2ϩ -agarose beads. Panel D, R-14 complexes were digested with CNBr under single hit conditions (46) , and the products were resolved as in panel B. The pattern of labeled bands observed corresponds to a nested set of C-terminal fragments that extend to the CNBr cleavage sites indicated. The expected position for peptides comprising residues 832-883 and 861-883 (not observed) are indicated in parentheses. The absence of these bands indicates that the cross-link involves the region from 750 -832 (shaded). synthesis of transcripts Ͼ8 nt. 2 It therefore seems likely that this region of the RNAP lies along the exit pathway for the emerging RNA.
DISCUSSION
Although a number of structures of T7 RNAP have been solved, no crystallographic information has yet been published regarding the structure of a T7 RNAP EC. The results described in this work, in which the organization of the EC was probed by nucleic acid-polymerase cross-linking methods, are not easily reconciled with the structure of a T7 RNAP IC and suggest that major conformational changes must occur during the transition from an IC to an EC.
In earlier studies, Cheetham and Steitz (13) characterized the structure of a T7 RNAP IC in which the first three bases of the template strand had been transcribed (see Fig. 6 ). In this structure, the upstream promoter contacts that were observed in the binary T7 RNAP-promoter complex (in the absence of transcription) are maintained, whereas the active site moves downstream along the T strand, resulting in packing ("scrunching") of the intervening portion of the T strand into a hydrophobic pocket. It was proposed that the strain associated with this packing contributes to the release of abortive products and promoter clearance during the initial phase of transcription (5, 11, 13) .
In considering the structure of the EC, Cheetham and Steitz (13) conclude that extension of the 3-bp RNA-DNA hybrid would result in steric clash with the N-terminal domain of the protein, leading these authors to propose that the length of the hybrid could not exceed 3 bp and to suggest an exit pathway for the displaced RNA as shown by the red arrow in Fig. 6A . However, subsequent studies demonstrated that the RNA-DNA hybrid in a T7 EC is 7-8 bp (14-16) and that as the RNA is displaced from the hybrid it becomes associated with the specificity loop and is directed toward a distal surface of the enzyme (Fig. 6A, yellow arrow) (15) . In agreement with the latter findings, the region of the RNAP that becomes crosslinked to the RNA nucleotide at Ϫ14 in the EC (the R-14 cross-link) lies along this path (see Figs. 4 and 5) . The proposed exit pathway for the RNA is also consistent with the results of recent experiments involving RNA cleavage by Fe-BABE conjugated to amino acid residues in the N-terminal domain of the RNAP (31) .
The R-9 cross-link defines the position of the RNA just after it has been displaced from the upstream boundary of the RNA-DNA hybrid at Ϫ8 (15). It should therefore be in proximity to the T and NT strands of the DNA at the upstream edge of the transcription bubble. However, DNA nucleotides in the T and NT strands at Ϫ9 (and nearby) form cross-links to a segment of the protein (residues 172-191; Fig. 6B, yellow) that is quite distant (Ͼ40 Å) from the R-9 site, and which is separated by considerable intervening structure from the N-terminal domain (dark blue). Significant rearrangements in the organization of the RNAP must occur during the transition from an IC to an EC to bring these regions into proximity. Pending the availability of structural information we do not know the nature of these rearrangements, but they are likely to be considerable.
In considering the possible changes in the IC that must occur during the transition, we extended the 3-bp RNA-DNA hybrid observed in the IC by superimposing the RNA-DNA hybrid observed in a yeast polymerase II transcription complex (25) . In agreement with the cross-linking results presented here and in previous work (15) , the trajectory of the modeled RNA-DNA hybrid is directed toward the specificity loop and the proposed exit pathway for the displaced RNA. However, as noted by Cheetham and Steitz (13), extension of the RNA-DNA hybrid in this manner would result in major steric clashes with the N-terminal region of the RNAP (Fig. 7) . We suggest that the changes that occur during the transition to an EC involve significant rearrangements of the N-terminal domain and, at a minimum, require movement of the 172-191 region toward the R-9 contact in the specificity loop (Fig. 6B, dashed arrow ). An alteration in the position of the specificity loop may also occur during the transition.
Previous studies of polymerase mutants that are affected in the 172-191 region or RNAPs that have been endoproteolytically cleaved at 172 or 179 by OmpT or by trypsin revealed a number of changes in enzyme behavior including: decreased ability to displace the transcript from the template, the formation of an extended RNA-DNA hybrid, decreased stability of halted elongation complexes, and failure to terminate at class II termination signals (10, (32) (33) (34) (35) (36) (37) (38) . All of these effects are consistent with the notion that this region of the RNAP interacts with the upstream edge of the transcription bubble, perhaps helping to resolve or stabilize the bubble and/or aid in RNA displacement. For example, termination at class II signals requires proper resolution of the bubble and RNA displacement (34, 39, 40) ; the observation that polymerases whose structure is altered in this region do not terminate at these signals is consistent with the proposed role of this element in resolving the bubble. Similarly, the observation that the mutant or proteolytically cleaved RNAPs are less stable when halted and are sensitive to changes in template topology that decrease RNA displacement, were taken to indicate that they are defective in resolving the transcription bubble and displacing the transcript (10, 33) .
The trajectory of the extended RNA-DNA hybrid proposed here is such that the first steric clashes (at 4 -5 nt) would involve a helix-turn-helix motif that includes ␣ helices F and G (which project into the binding cleft) and ␣ helix N (which lies at the base of the thumb) (Fig. 7A) . Substitutions of residue Glu-148 (located at the base of helix G) results in a mutant RNAP that specifically aborts transcription at 5 nt (41), and it had previously been suggested that this region of the RNAP might be involved in the transition from an IC to an EC by sensing the presence of an RNA-DNA hybrid of suitable length (41) . Substitutions of key residues in the N-helix (i.e. Ser-393 and Arg-394, which lie at the base of the thumb) also result in increased termination at 5 nt, presumably reflecting the importance of interactions with the thumb domain once the heteroduplex has achieved a length of 4 -5 bp (42).
As noted above, a variety of lines of evidence suggests that there may be three stages during the transition process, one (15) is yellow. The peptides that are involved in the R-14 cross-link (see Fig. 5 ) are indicated in purple, magenta, and gray. The possible exit pathway for the RNA that lies between the R-9 site and the area where these three peptides converge is indicated by the dashed yellow arrow. An exit pathway previously proposed for the RNA after the synthesis of 3 bp is indicated by the red arrow (13) . occurring from 3 to 5 nt, another from 6 to 8 nt, and a final phase from 9 to 14 nt. In this regard, we note that further extension of the heteroduplex beyond the clash with the F-G helices would result in a clash with the Val-237 loop (at 6 -7 nt). It is possible that events that occur in the transition process after 5 nt may involve contacts with the emerging heteroduplex or with the displaced RNA product. These effects may be superimposed upon the effects of the strain introduced by DNA packing. Unlinking the binding and initiation regions of the promoter by disrupting the intervening portion of the T strand dramatically reduces the release of abortive products Ͻ6 nt (presumably because this changes the manner in which the T strand is retained in the complex) but does not greatly affect the release of abortive products Ͼ6 nt (5, 11) . This issue will require further study.
As shown in Fig. 3 , the base at the 3Ј end of the RNA in a halted EC forms a cross-link (R-1) with the interval comprising residues 636 -643, most likely with Tyr-639. In the structure of the T7 RNAP IC, Tyr-639 is close to the base at the 3Ј end of the growing transcript (in the I-1 site), suggesting that the organization of this region of the active site is similar in both complexes (see Fig. 7B ).
The RNA-DNA hybrid depicted in Figs. 6 and 7 is from a yeast RNAP II complex that is in the pretranslocated state (i.e. formation of the phosphodiester bond has been completed, but the product has not yet been moved out of the active site). Modeling of this hybrid into the IC results in a clash between Tyr-639 and the nucleotide in the Iϩ1 site (Fig. 7B) . A similar clash was observed by Cheetam and Steitz (13) (13) report that in another crystal structure of the IC in which the incoming nucleotide was visible, Tyr-639 was poorly ordered. A proposed role for Tyr-639 in the nucleotide binding step would be in agreement with biochemical and genetic studies in which it was shown that this residue is involved in discrimination against the incorporation of dNTPs (44) (a previous suggestion that His-784 plays a role in substrate discrimination, based upon modeling of the incoming nucleotide from a closed T7 DNAP complex into the IC (13), is not in agreement with subsequent genetic analysis (45) ).
CONCLUSIONS
The results of these studies indicate that the transition from an IC to an EC by T7 RNAP is a complex process that may involve multiple steps and involves major reorganization of the transcription complex, particularly in the N-terminal domain. Although available structures have captured some complexes along this pathway, it is clear that multiple structures will need to be solved to gain a complete understanding of the process. Until such structures emerge, biochemical and genetic studies will continue to provide useful insights (and will be necessary to corroborate structural analyses). Because the single subunit phage RNAPs carry out all of the same steps in the transcription process as the more complex multisubunit RNAPs, the results of these studies will be of considerable interest in guiding and interpreting similar experiments in multisubunit systems.
